Introduction
Depletion of fossil energy resources have given rise to large number of investigations on development of processes based on alternative energy resources such as biomass, solar and wind energy. Biomass flash-pyrolysis is one of the promising processes for production of biooil, an alternative to crude oil, which can be further used for the production of fuels and chemicals. The aqueous phase, containing up to 20% of different organic compounds, is a by-product of biomass pyrolysis, which is currently considered a waste.
Aqueous phase reforming (APR) process [1, 2] was suggested for utilization of such streams allowing the production of hydrogen or alkanes at milder temperatures as compared to steam reforming (SR). There is no need for evaporation of water, which saves on energy usage, and the process conditions (150-300°C, up to 100 bar) are favoring Water Gas Shift (WGS) reaction, maximizing the hydrogen yield. Pt/γ-Al 2 O 3 catalyst has been used as a benchmark catalyst in APR of various oxygenates containing more than one carbon atom, e.g., glycerol, sorbitol, acetic acid, acetone, due to ability of Pt to cleave CeC bonds. This cleavage leads to the formation of C 1 species, which are the intermediate species for CO x or methane [3, 4] . However, hot compressed water conditions used in APR lead to transformation of alumina support into a hydrated phase, known as boehmite, resulting in catalyst deactivation [5] [6] [7] . Thus, hydrothermally stable supports such as carbon [8] [9] [10] , zirconia or boehmite are preferred as catalyst supports. It has been shown that Pt/AlO(OH) catalyst is active in APR of ethylene glycol with an appreciably high selectivity to hydrogen [6] .
The majority of APR studies use alcohols (e.g., methanol, ethanol) or polyols (glycerol, sorbitol) as model compounds as reviewed recently by Coronado et al. [11] However, the aqueous phase of bio-oil also contains large amounts of organic acids, aldehydes and ketones, which are less studied. Hydroxyacetone (1-hydroxy-2-propanone or acetol) is a component present in significant concentration (3-8 wt. %) [12, 13] in aqueous phase of bio-oil. The APR of hydroxyacetone has not yet been studied, particularly using ZrO 2 and/or AlO(OH) supported Pt catalysts. However, few studies are available on SR of bio-oil derived light oxygenates such as hydroxyacetone, acetic acid, furfural, 1-propanol, nbutanol, propanal and acetone [14] [15] [16] [17] [18] [19] using base metal catalysts. SR of hydroxyacetone at lower temperatures (< 600°C) resulted in the formation of oxygenated by-products, such as, butanediol, 2,5-hexanediol, substituted cyclopentanedione and furanones, suggesting that condensation reactions leading to larger compounds take place parallel to CeC bond breaking leading to C 1 compounds, i.e. CO x and CH 4 [14] . Ongoing research in our group on kinetics of APR of hydroxyacetone using Pt/ZrO 2 and Pt/AlO(OH) showed deactivation of both catalysts during the reaction, caused by i.e. coke deposition.
In general, spectroscopic investigation, particularly with IR spectroscopy [20] has provided important information on adsorption of reactants and intermediates at the surface of catalysts. More recently, this approach has become also available for catalytic reaction in liquid phase [21] [22] [23] by using in situ ATR-IR spectroscopy. ATR-IR spectroscopy is suppressing the contribution of the solvent to the IR spectra compared to other types of IR cells, allowing identification of surface species adsorbed on the catalyst. Even more recently, this technique has been adapted to allow experiments in hot compressed water, enabling application during APR of hydroxyacetone at 230°C and 30 bar [7, 24] .
In this study, the adsorption of hydroxyacetone on Pt/ZrO 2 and Pt/ AlO(OH) catalysts under APR conditions, i.e. 230°C/30 bar, is studied using in situ ATR-IR spectroscopy. The goal of the investigation is to detect and identify surface species formed as a result of hydroxyacetone adsorption and further transformations into desired or undesired products. Correlation between the structure of the surface species observed by ATR-IR and a possible route of catalyst deactivation will be made.
Experimental

Catalyst preparation
Catalysts were prepared by wet impregnation of commercial monoclinic ZrO 2 (RC100, Gimex Technisch Keramik B.V.) and boehmite (AlO(OH)) supports, the latter made by subjecting γ-alumina (BASF) to hydrothermal conditions, i.e., 200°C, 14 bar for 10 h in an autoclave. H 2 PtCl 6 ·6H 2 O (Alfa Aesar) was used as a platinum precursor. Supports (300-600 μm fraction) were added to an aqueous solution of the precursor (H 2 O to catalyst weight ratio of 1,8) followed by evaporation of water in a rotary evaporator under vacuum at 100°C. Samples were then reduced in H 2 atmosphere (H 2 100 mL/min, N 2 100 mL/min) at 100°C for 5 h and calcined in air (200 mL/min) at 350°C (5°C/min) for 15 h.
Catalyst characterization
The surface areas of the catalysts were measured by N 2 physisorption using the BET adsorption isotherm (Micromeritics, ASAP 2400). The Pt dispersion was established by H 2 pulse chemisorption at room temperature (Micromeritics, Chemisorb 2750), after samples were reduced in pure H 2 at 200°C for 1 h. TEM microscopy (Philips 300 kV, equipped with energy-dispersive X-Ray spectroscopy) was used to determine the Pt particle size distribution of fresh and spent catalysts. Approximately 250 particles across 10 different spots on each sample were measured to give a weighted average size.
The elemental composition of the catalysts was determined using a Perkin-Elmer elemental analyser (Thermo Scientific Flash 2000) . Approximately 3-4 mg of each sample was used for the analysis. Concentrations of C, H and N were calculated based on amounts of water, CO 2 and N 2 evolved from decomposition of the sample in 35 vol. % O 2 /Ar flow (390 mL/min) at 900°C. Acetanilide was used for calibration, and oxygen content was calculated as rest.
Temperature Programmed Oxidation was used to determine the type of coke deposits on the spent catalysts. Samples (3-4 mg) were pretreated in He (25 mL/min) at 150°C for 30 min. After cooling down to 25°C the samples were oxidized in 5 vol. % O 2 /He mixture (25 mL/ min) during heating to 600°C with a heating rate of 5°C/min. An online methanizer (Model 110 Chassis, SRI Instruments Europe GmbH) was used to convert CO and CO 2 to methane using a Ni catalyst. The amount of methane formed was quantified with an FID detector. Al 2 (CO 3 ) 3 was used for calibration of the FID.
Acidity measured by NH 3 TPD and Pyridine adsorption IR spectroscopy
Fourier transform infrared spectroscopy (FTIR) of adsorbed pyridine was conducted in a Bruker IFS 66 spectrometer equipped with HgCdTe detector (4000-650 cm 3 was monitored in the range of 20-600°C using a heating rate of 10°C/min.
In situ ATR-IR spectroscopy
In situ ATR-IR experiments were performed using a setup consisting of a commercial ATR-IR Tunnel cell (Axiom) modified for high temperature and pressure conditions [24] , which was mounted in a sample chamber of an FTIR spectroscopy bench (Bruker, Tensor 27) equipped with liquid-nitrogen cooled HgCdTe detector.
The cylindrical internal reflection element (IRE, ZnSe rod, diameter 0.25 inch, length 3.25 inch) was spray-coated with a catalyst slurry (0.150 g in 25 mL of isopropanol, ball-milled for 6 min) according to a home-developed spray-coating technique [6, 24] . The sample was then carefully placed inside the cell using O-rings (Kalrez 7075) and dried at 150°C in He (25 mL/min) for 1.5 h.
Spectra were recorded every minute in the spectral range between 4000 and 650 cm For all ATR-IR experiments, the cell was first filled with water (2 mL/min) using HPLC pump (Dionex P680), and the sample was subjected to a cleaning procedure adopted from literature [25] . In our experiments this procedure consisted of alternating flows of hydrogen-, oxygen-and helium-saturated water (2 mL/min, 30 min each flow) at ambient conditions. Hydrogen-saturated water was used in the final treatment in order to leave the sample in reduced state. Finally, water was flown over the sample again and pressure was increased to the desired experimental pressure (20 or 30 bar) using back-pressure regulator. After that, the cell and the preheater lines were heated to the desired experiment temperature (100°C or 230°C) and a spectrum of water was collected. The flow was then switched to the degassed hydroxyacetone solution (2.5 wt.%, 0.8 mL/min) with simultaneous acquisition of ATR-IR spectra for 60 min. Further, the flow was switched back to water (0.8 mL/min) and ATR-IR spectra were collected for another hour.
For CO adsorption experiments, water saturated with CO (1 bar) at room temperature was flown over the sample at room temperature for 60 min, then the sample was heated to 230°C, 30 bar during continuous feeding of CO-containing water. After reaching 230°C, spectra were collected for 60 min. A pretreatment procedure as described above was applied.
ATR-IR data processing
In situ ATR-IR spectra were first pre-processed (subtraction of water and catalyst spectrum, baseline correction) using OPUS software provided together with the Bruker FTIR spectrometer. Water and catalyst subtraction was performed for all spectra using the respective spectrum of water at the temperature of the experiment. Baseline correction was done for all spectra using rubber-band correction method. Deconvolution of the spectra was performed using Matlab software. The spectra were fitted using Gaussian peak shapes with fixed peak positions assigned to specific relevant species. However, minor peaks present in the spectral range, but not relevant to hydroxyacetone reaction, have to be included to obtain good quality fit.
DFT calculations of IR spectra
To support assignments of the IR peaks observed during the experiments, IR spectra of hydroxyacetone, its enols and products of aldol condensation of hydroxyacetone were calculated in vacuum and in the presence of water. All calculations have been performed using Density Functional Theory with the Becke three-parameters (B3LYP) exchangecorrelation functional using the Gaussian 09 program [26] . The geometry of all the investigated components has been optimized by employing the correlation consistent polarized valence triple zeta (ccpVTZ) basis set and the same has been used to calculate harmonic vibrational frequencies.
In order to achieve a more reliable comparison with the experimental spectra, anharmonicity has been taken into account by the following procedure. Since the direct calculation of the anharmonic frequencies of medium sized molecules at the B3LYP/cc-pVTZ level is a demanding task, they have been evaluated with the less extended ccpVDZ basis set, using optimized geometries at the same level. Anharmonicity corrections have been obtained as the differences between the harmonic and fundamental frequencies, and these corrections were then applied to the harmonic cc-pVTZ frequencies. The reliability of these composite TZ + DZ anharmonic frequency calculations has been checked by comparing them with the entirely TZ anharmonics calculated for the smaller species investigated in this work (hydroxyacetone in all its conformations and tautomers) in the frequency range 4000-400 cm
. The results showed that the composite TZ + DZ anharmonics represent a good improvement over the purely DZ ones and they have a mean absolute percent deviation of only 0.9% with respect to the full TZ fundamentals. Furthermore, a comparison with the experimental data for hydroxyacetone in its most stable conformation yields the following results for the root mean square deviations: RMSD(TZ) = 20, RMSD(DZ) = 34, RMSD(TZ + DZ) = 24 cm −1 , which clearly demonstrates excellent reliability of the composite approach for the hydroxyacetone spectrum. Therefore, it was assumed that the TZ + DZ protocol worked well also for the larger molecular systems in this study.
Results
Catalyst characterization
Two catalysts were used in the study -Pt/AlO(OH) with BET surface area of 41 m 2 /g and Pt particles of 5 nm and Pt/ZrO 2 with BET surface area of 94 m 2 /g and Pt particles of 1.8 nm. Pt loading for both catalysts was around 1.1 wt. %. The average Pt particle size was determined from TEM micrographs, as well as from H 2 chemisorption. The very small Pt particles in Pt/ZrO 2 could not be detected in TEM because of the limited contrast between Pt and ZrO 2 ·ZrO 2 and AlO(OH) without Pt were also studied, these supports had surface areas similar to their respective Pt catalysts.
FTIR spectra of pyridine adsorbed on Pt/ZrO 2 and Pt/AlO(OH) after evacuation at RT and 225°C and subsequent cooling down to 25°C are shown in Fig. 1 . Peaks of higher intensity can be seen for Pt/ZrO 2 compared to Pt/AlO(OH). Intensities of all of the peaks decreased after evacuation at 225°C, in particular for Pt/AlO(OH). Based on peak assignments in literature, [27, 28] ). This is in agreement with observations of Zaki et al. [28] , except for absence of pyridine ν 19b mode in the 1540-1500 cm −1 region in our study, possibly caused by differences in outgassing procedures. Py-ox 1 and Py-ox 2 were assigned to pyridine oxidation species (carboxylate and carbonaceous species, respectively) based on the observation of Zaki et al. [27] (Fig. S1 ) despite the differences in Al coordination. TPD NH 3 profile of Pt/ZrO 2 revealed two peaks at 93°C and 329°C (Fig. S2) , corresponding to the total acidity of 604 mmol/g. TPD NH 3 profile of Pt/AlO(OH) showed a small peak at 97°C and a very intense peak at about 500°C with a shoulder at 300°C. The total acidity of Pt/ AlO(OH) during NH 3 desorption could not be accurately calculated due to interference from H 2 O in TCD signal at 500°C, which is most likely due to water desorbing as a result of phase transformation of AlO(OH) into γ-Al 2 O 3 happening at this temperature [30] [31] [32] . (Fig. 2b) were slightly different from spectra at 25°C. Peaks were less intense and peak positions were slightly shifted. Similarly, no other peaks except for the peaks assigned to hydroxyacetone were observed. Fig. 3 shows water subtracted in situ ATR-IR spectra collected after 60 min of hydroxyacetone adsorption on Pt/ZrO 2 , ZrO 2 , Pt/AlO(OH) and AlO(OH) at 25°C. Spectrum in the absence of the catalyst at 25°C is also shown, which is identical to the final spectrum in Fig. 2a . Spectra of hydroxyacetone adsorption on Pt/AlO(OH) and AlO(OH) were similar to the ones on bare ZnSe, except for minor peak at 1583 cm −1 and less pronounced peak at 1087 cm
In situ ATR-IR results
. Peak at 1060 cm −1 is assigned to structural hydroxyl groups of boehmite [7, [35] [36] [37] , which were not completely accounted for during background subtraction. This made it difficult to distinguish the peaks of adsorbate species on boehmite surface next to hydroxyacetone in 1150-1000 cm −1 spectral region. . This may indicate that similar type of adsorbates is formed both at RT and at 230°C. Interestingly, during initial minutes of the adsorption at 230°C this region had only a peak at 1604 cm −1 which later became dominated by peak at 1544 cm −1 . Finally, the quality of the spectra deteriorated by an increasing level of noise, which was caused by leakage of moisture around the cell inside the IR chamber. Surprisingly, the spectra obtained on AlO(OH) are only mildly influenced by increasing temperature to 230°C (Fig. 4a) . Only the shoulder at 1697 cm −1 was observed, whereas no peaks were observed between 1540 and 1600 cm −1 . Peaks at 1425 and 1365 cm −1 were still well-resolved, suggesting that broadening observed for ZrO 2 -based samples was due to surface chemistry on zirconia, and not due to any influence of temperature on the resolution of IR spectra. Adsorbate peaks on Pt/AlO(OH) in the 1150 1000 cm −1 region cannot be interpret in detail because the 1060 cm −1 peak of boehmite is temperature sensitive. The spectral region between 2200 and 1800 cm −1 , which is typical for CO adsorption on Pt, is shown in Fig. 4b . It is clear that no adsorbed , respectively (Fig. 4b) , in agreement with literature [21] . CO adsorption at room temperature resulted in a linearly bound CO on Pt at 2067 cm −1 with lower peak intensity compared to 230°C. No bridge bound CO was observed during adsorption at 25°C. The intensity of CO peak (2058 cm
) observed in CO adsorption experiment is approximately 8 times lower than the intensity of the C]O peak of hydroxyacetone (Fig. 4a, no catalyst, 230°C ).
Reactivity of adsorbates during flushing with water: ZrO 2 and Pt/ ZrO 2
In order to study the adsorbates on the surface, the catalyst was flushed with water at 230°C to remove hydroxyacetone in liquid phase (Fig. 5a ). Spectra collected during this stage show gradual decrease of hydroxyacetone peaks, however, there were still peaks remaining after flowing water for one hour.
There were two different types of peaks according to their disappearance rate in H 2 O: fast disappearing peaks (1718, 1419, 1367, 1191, 1083 and 975 cm −1 ) belonging to hydroxyacetone in liquid phase and slowly disappearing peaks assigned to adsorbates. Disappearance of hydroxyacetone peaks was similar when flushing the cell with the bare ZnSe crystal at 230°C (Fig. 5b) . The intensities of other peaks (1691, 1593, 1540, 1116 cm −1 ) in Fig. 5a decreased slower and even stabilized at a certain level. The fact that these peaks did not disappear after 60 min in H 2 O in reactive conditions indicated that they belonged to strongly adsorbed and relatively unreactive surface species.
Similar results were obtained for ZrO 2 without Pt as well as for Pt/ ZrO 2 at 25°C and 100°C after flushing with water for 60 min (results not shown), suggesting that the detected species reside on the ZrO 2 surface, rather than on the Pt particles.
Coke characterization via elemental analysis and TPO
CHN analysis and temperature programmed oxidation (TPO) was performed to quantify the coke content on catalysts and supports after hydroxyacetone adsorption in the ATR-IR cell, flushing with water and drying, as reported in experimental section. The CHN analysis results presented in Table 1 showed that both Pt/ZrO 2 and Pt/AlO(OH) have 1,6 and 2 times less coke compared to their respective supports, indicating the role of Pt in removing or preventing coke formation. The amount of carbon deposited per m 2 was also significantly different, i.e.
0.11 and 0.07 mg C/m 2 for Pt/ZrO 2 and Pt/AlO(OH), respectively. The tendency of ZrO 2 to form more carbon deposits was therefore not just an effect of surface area. TPO profile (Fig. 6 ) of carbonaceous deposits on Pt/ZrO 2 showed one broad peak at 303°C and small peak around 450°C, whereas Pt/ AlO(OH) showed three overlapping peaks at 286, 338 and 450°C. The higher intensity of the TPO peaks on Pt/ZrO 2 as compared to Pt/AlO (OH) suggested that more coke was formed on the surface of Pt/ZrO 2 , in agreement with the observations based on the elemental analysis (Table 1 ).
Discussion
Hydroxyacetone adsorption
Adsorption of hydroxyacetone at room temperature (Fig. 3) on zirconia results in the appearance of two new peaks compared to dissolved hydroxyacetone, i.e. at 1583 and 1087 cm −1 . The fact that the peak positions do not depend on the presence of Pt indicates that these new peaks are to be assigned to adsorbed species on the zirconia surface. At this point it is not clear whether chemisorbed hydroxyacetone or condensation products of hydroxyacetone, as discussed below in more detail for experiments at 230°C, are responsible. The spectra collected during exposure of Pt/ZrO 2 to hydroxyacetone solution at 230°C were curve fitted with peaks positioned at 1718, 1541, 1604, 1123 and 1083 cm −1 , and evolution of peak areas is shown in Fig. 7 . Note that the spectrum resulting in the datapoints at 60 min is presented in Fig. 4a 
Flushing with water
Spectra presented in Fig. 5a were fitted with a set of peaks similar to the ones used to construct Fig. 7 during adsorption step (1718, 1691,  1541 , 1120, 1057 cm −1 ). Results of the fitting are presented in Fig. 8 for the case of Pt/ZrO 2 . Similar results were obtained in the case of ZrO 2 (not shown).
The peaks assigned to hydroxyacetone in the liquid phase (1718 and 1083 cm −1 , Fig. 8 ) decrease much faster in intensity than the peaks assigned to adsorbates. The fact that adsorbate peak areas decreased slightly or did not decrease at all indicated that these were strongly adsorbed on the surface. The slight decrease in peak area may be explained by consecutive reactions of adsorbates with water that can take place at these conditions, although slow desorption cannot be ruled out.
Identification of adsorbed species
In order to determine the origin of the new peaks at 1691, 1593, 1540, 1116 and 1055 cm −1 possible reactions of hydroxyacetone were considered. Peak positions indicate that adsorbates may contain carbonyl and unsaturated carbon-carbon bonds. Apart from reforming reaction, hydroxyacetone can undergo enolization and aldol condensation reactions. IR frequencies of the two enols of hydroxyacetone (prop-1-ene-1,2-diol and prop-2-ene-1,2-diol) were calculated using DFT-based method, which was validated on the grounds of the good agreement between calculated and experimental spectrum of hydroxyacetone (Table S1 ). The influence of water molecules on hydroxyacetone spectrum was found to be negligible based on minor frequency shifts and intensity . ATR-IR adsorption spectra of CO adsorbed on Pt/ZrO 2 from CO dissolved in water at 25°C, 33 bar and 230°C, 30 bar after 60 min are added for comparison. Intensities of the peaks of adsorbed CO were multiplied by 5 times for clarity.
changes.
Calculated frequencies for enols in vacuum do not match with the experimentally observed frequencies on Pt/ZrO 2 at 230°C, suggesting that adsorbed species do not include enols. This qualitatively agrees with a DFT study on adsorption, tautomerization and decomposition of acetone on Pt (111) surface by Xu et al. [38] reporting that only a small amount of acetone could tautomerize into enol Pt (111) surface at room temperature. Low extent of enolization of hydroxyacetone in D 2 O and in triethylamine solution was also reported by Yaylayan et al. [34] Two products of aldol condensation can be formed from the two considered enols (Fig. 9) -(Z)-3,5-dihydroxy-4-methylpent-3-en-2-one (3,5-DH) and (Z)-1,5-dihydroxy-4-methylpent-3-en-2-one (1,5-DH), via 3,4,5-trihydroxy-4-methylpentan-2-one and 1,4,5-trihydroxy-4-methylpentan-2-one as intermediate products. It may be speculated that the rapid increase in intensity of the peak at 1604 cm −1 is due to one of these intermediate products. Interestingly, similar assignments were proposed by Zaki et al. [28] for aldol condensation of acetone on zirconia and alumina surfaces. Infrared spectra of the most stable conformations for both aldol condensation products in vacuum and in the presence of water were also calculated (Table S1 ). The influence of water can be summarized with a frequency decrease of about 30 cm −1 for the peaks located in the region comprised between 1500 and 1700 cm
. At a molecular level this is due to the elongation of the C]O bond caused by hydrogen bonds and to the delocalization of the C]O and C]C coupled stretching vibrations on the microsolvation water molecules. Comparison of the most important vibrational frequencies of both dimers in vacuum and in the presence of water with experimental data is given in Table 2 .
The calculated spectra of the two condensation products are similar in the region of C]O and C]C vibrations, both having two coupled stretching vibrations around 1680 and 1600-1630 cm This peak is absent in the spectrum of 3,5-DH as well as in the experimental spectrum (Fig. 5a) ; thus, 3,5-DH seems to be the dominant aldol condensation product of hydroxyacetone. The absence of this band is attributed to the presence of a hydrogen bond between the hydroxyl groups in 3,5DH that determines the shift of the CeOH stretching band to the lower frequencies (1044-1025 cm −1 ).
Nature of the support in aldol condensation
The different IR adsorption spectra for Pt/ZrO 2 and Pt/AlO(OH) presented in Fig. 4a suggested that aldol condensation, as discussed in the previous section, does not occur on the surface of boehmite. This is probably due to the lower surface acidity of boehmite compared to zirconia. TPD NH 3 results (Fig. S2) showed that total acidity of zirconia is higher than boehmite. Pyridine adsorption measured with IR ( Fig. 1 ) also suggested that Pt/ZrO 2 has high concentration of Lewis and Brönsted acid sites and Lewis basic sites, while Pt/AlO(OH) has low concentration of Lewis acid sites. It was suggested in literature [28, 39, 40] that zirconia can catalyze aldol condensation of acetone, due to its Lewis basicity. Thus, the condensation would proceed according to the mechanism suggested in Fig. 9 . However, since acidity of boehmite and γ-Al 2 O 3 is similar, based on the pyridine desorption data, one can assume that boehmite may also catalyze aldol condensation via an acidic route. In fact, Ferri et al. [41] reported aldol condensation of ethyl pyruvate catalyzed by alumina, and Dumitriu et al. [42] studied aldol condensation of acetaldehyde on MFI zeolites. Our IR results, however, do not indicate formation of any condensation products on boehmite under APR conditions. Possibly, condensation products are not detected on AlO(OH) supported catalyst because Pt/AlO(OH) is more active in formation of gaseous reforming products (CO x , H 2 , etc.) than Pt/ZrO 2 ; as reforming to CO x competes with condensation reactions, this may well contribute to the difference in the formation of condensation products between AlO(OH) and ZrO 2 . Ongoing work in the group indeed confirms that Pt/ AlO(OH) is more stable and forms less carbonaceous deposits than Pt/ ZrO 2 (to be published).
Adsorbed CO -water gas shift reaction
In Fig. 4b no CO peak was seen in the region where linearly adsorbed CO on Pt is usually expected. Clearly, the absence of CO in the spectra during exposure to hydroxyacetone at 230°C was not due to limited sensitivity of the technique, since chemisorbed CO was easily observable when H 2 O saturated with CO was flown over Pt/ZrO 2 at 25°C and 230°C (top two spectra, Fig. 2b) .
He et al. [43] have reported on formation of adsorbed CO on 2,1 wt. % Pt/Al 2 O 3 catalyst during APR of methanol in liquid phase at 150°C, 584 bar. CO coverage of 0.29 and 0.4 on Pt was observed for liquid phase reforming of 2 and 5 wt. % methanol, respectively. Similar results were obtained by Wawrzetz et al. [44] in APR of 20 wt.% glycerol on 3 wt.% Pt/Al 2 O 3 at 225°C, 29 bar. Two small peaks at 2050 and 1940 cm −1 were observed in the ATR-IR spectra [44] , which were assigned to linear and bridge bound CO on Pt. However, this assignment can be debated because boehmite, which was formed from alumina during APR, has IR peaks in the same window. Copeland et al. [25] have studied activation of glycerol on 5 wt. % Pt/Al 2 O 3 using ATR-IR spectroscopy at room temperature. Formation of two types of adsorbed CO was reported (i) CO interacting with co-adsorbed H 2 and (ii) CO interacting with molecularly adsorbed H 2 O. The authors emphasized that the rates of CO formation and consumption strongly depend on the cleaning procedure of the catalyst layer prior to kinetic studies. The cleaning pretreatment in this study included alternating flows of H 2 -and O 2 -saturated water, identical in the study by Copeland et al. [25] The absence of adsorbed CO in the APR experiment in the ATR-IR cell is suggesting that on Pt/AlO(OH) adsorbed CO is not involved in the rate-determining step in APR of hydroxyacetone; in other words, formation of adsorbed CO is relatively slow as compared to desorption, water gas shift and methanation, i.e. all reactions that would consume adsorbed CO. The same cannot be concluded for Pt/ZrO 2 considering the fast and complete deactivation for gasification (results of the ongoing work to be published). Therefore, it is quite possible that the absence of adsorbed CO is explained by deactivation of the catalyst in this case. Clearly, these conclusions are valid for experiments at conversion levels well below 1%. Unfortunately, it was not possible to confirm gasification activity during the ATR-IR experiment experimentally.
Deactivation of the catalysts due to coke formation
TPO analysis of the samples after hydroxyacetone adsorption in the ATR-IR cell (Fig. 6 ) showed higher peak intensities for Pt/ZrO 2 compared to Pt/AlO(OH), suggesting higher amount of coke on Pt/ZrO 2 . Two different regions of oxidation temperatures around 300°C and 450°C were observed for both samples, with Pt/ZrO 2 having most of the coke burning at lower temperatures. Elemental analysis of the same samples (Table 1) showed the highest amount of coke on ZrO 2 sample, and the lowest coke amount on Pt/AlO(OH), which is in agreement with TPO results. The amount of coke on supports was higher than on Pt/support samples. These results suggest that reactions on the surface of supports are possibly causing the accumulation of coke. The aldol condensation reaction is probably the first step in this sequence, since it leads to formation of molecules with long unsaturated carbon chains. Oxidation temperatures of carbon deposits for Pt/ZrO 2 are well below the oxidation temperatures of hydrocarbon coke that is observed in e.g. methane dry reforming [45] [46] [47] , suggesting that coke on Pt/ZrO 2 is a "soft" coke with high oxygen content.
Thus, aldol condensation of hydroxyacetone, resulting in formation of (E)-3,5-dihydroxy-4-methylpent-3-en-2-one, is likely to be the first step in the formation of oxygen rich deposits, significantly responsible for the catalyst deactivation in aqueous phase reforming of hydroxyacetone. The reforming reaction that takes place on Pt surface is competing with the condensation reaction; however, the acid-base properties of the support clearly influences the condensation reactions, leading to coke formation independent of the presence of Pt.
Conclusions
In situ Attenuated Total Reflection Infrared (ATR-IR) spectroscopy allows to study adsorbed species that form during exposure to hydroxyacetone on Pt/AlO(OH) and Pt/ZrO 2 catalysts under conditions of aqueous phase reforming, i.e. 230°C/30 bar. In addition to reforming reaction, hydroxyacetone undergoes aldol condensation resulting in strongly adsorbed species when brought in contact with ZrO 2 -based catalyst due to the presence of Lewis acid and basic sites; the dominant pathway of aldol condensation was identified. However, no condensation products were observed on AlO(OH)-based catalyst due to its weak Lewis acidity. Oxygen-rich carbonaceous deposits are formed on zirconia via condensation of hydroxyacetone, leading to catalyst deactivation. Additionally, absence of adsorbed CO in the spectra suggests that conversion and desorption of CO chemisorbed on Pt is not ratelimiting.
